ABSTRACT A charge-pulse technique was designed to measure charge movements in the Na-transport mode of the Na,K-ATPase in membrane fragments adsorbed to a planar lipid bilayer with high time resolution. 1) Na+ transport was measured as a function of membrane potential, and 2) voltage-dependent extracellular ion binding and release were analyzed as a function of Na+ concentration and membrane potential. The results could be fitted and explained on the basis of a Post-Albers cycle by simulations with a mathematical model. The minimal reaction sequence explaining the electrogenicity of the pump consists of the following steps: (Na3)E,-P *-> P-E2(Na3) +-P-E2(Na2) < P-E2(Na) P-E2. 
INTRODUCTION
The Na,K-pump is an essential protein in all animal cells where it maintains concentration gradients across the cytoplasmic membrane for potassium, which mainly controls the membrane potential, and for sodium, which generates the driving force for many secondary active transport systems. The pumping process involves a sequence of conformational transitions and ion binding and release reactions (Glynn, 1985; J0rgensen and Andersen, 1988; Lauger, 1991) . The free energy of hydrolysis of one ATP molecule is used to extrude three Na+ ions from the cytoplasm in exchange for two K+ ions from the extracellular aqueous phase. The transport of one net charge per cycle across the membrane drives an electric current and thus indicates the existence of one or more electrogenic reaction steps. In contrast to other reaction steps, electrogenic steps are controlled not only by ion and substrate concentrations but also by the transmembrane electric field (Liiuger and Apell, 1988; Apell, 1989) .
The pump cycle of the Na,K-ATPase can be described by the generally accepted Post-Albers cycle ( Fig. 1) , in which four partial reactions are electrogenic: the cytoplasmic Na+ binding, E1 + 3 Nacyt -> Na3El, (Goldshleger et al., 1987; Stiirmer et al., 1991; Heyse et al., 1994) ; the conformational transition, (Na3)E,-P --P-E2(Na3) as well as the subsequent release of Na+ ions, P-E2(Na3) -> P-E2 + 3 Nae, Gadsby, 1986, 1989; Lauger and Apell, 1988; Borlinghaus et al., 1987; Sturmer et al., 1991;  Stiirmer and Apell, uni-konstanz.de. X 1995 by the Biophysical Society 0006-3495/95/09/909/13 $2.00 1992; Gadsby et al., 1993; Sagar and Rakowski, 1994; Heyse et al., 1994) ; and finally the extracellular binding of K+ ions, P-E2 + 2 Kext P-E2(K2), (Rakowski et al., 1991; Stiirmer et al., 1991; Vasilets et al., 1991; Sagar and Rakowski, 1994) .
Different preparations and techniques have been used to analyze the electrogenicity of the major electrogenic reaction sequence (Na3)E1-P -... -> P-E2. Nakao and Gadsby (1986) investigated time-dependent pump currents in isolated heart cells using the whole-cell recording. They could interpret their data with a model in which the (single) electrogenic step was the conformational transition of the phosphoenzyme (Na3)E1-P -* P-E2(Na3). In 1989 the same authors demonstrated an interaction between extracellular Na+ concentration and membrane voltage, which was compatible with a model in which the occupation of the extracellular Na+ binding sites is modulated by membrane voltage (Nakao and Gadsby, 1989) . The fluorescence dye RH 421, which detects changes in the local electric field produced by electrogenic charge movements within the Na,K-ATPase, was used to show that extracellular Na+ binding is an electrogenic event (Stiirmer et al., 1991) and that it occurs in at least two charge-moving steps, (Na3)E1-P --P-E2(Na2) and P-E2(Na2)-> P-E2 (Stiirmer and Apell, 1992) . Direct electrical measurements with membrane fragments coupled to planar lipid bilayers allowed the determination of dielectric coefficients of two partial reactions, (Na3)E1-P -> P-E2(Na2) and P-E2(Na2) -> P-E2, to be 0.75 and 0.2, respectively, in renal Na,K-ATPase (Heyse et al., 1994) . Recently the charge movements of Na+ translocation in a giant cardiac-membrane patch were analyzed (Hilgemann, 1994 ). The author presented findings compatible with a model in which the major electrogenic event is the release of the first ion from state P-E2(Na3), whereas the successive reaction, P-E2(Na2) -> P-E2 + 2 Naext, is only forward (-f(Na3)EI-P FIGURE 1 Post-Albers cycle of the physiological pump mechanism of the Na,K-ATPase. El and E2 are the two principal conformations of the enzyme in which the ion-binding sites are presented to the cytoplasm and extracellular medium, respectively. In the occluded states, (Na3)E1-P, E2(K2) and ATP 158 E2(K2), the ions are unable to exchange with either aqueous phases.
weakly voltage-dependent. The corresponding dielectric coefficients were determined to be 0.67 and 0.26. The fact that the transport properties depend on the transmembrane electric field was used in this work to modulate the activity of the pump in addition to ion and substrate concentrations. To change the membrane voltage in a time scale, which is fast compared to typical time constants of the transport processes in the protein, we applied a charge-pulse method to a compound membrane system that consisted of a planar lipid bilayer and adsorbed flat membrane fragments with a high concentration of Na,K-ATPase molecules purified from rabbit kidney (Borlinghaus et al., 1987) . The charge-pulse technique was introduced originally to study current relaxations in membranes containing hydrophobic ions and carriers (Benz and Liuger, 1976; Barth et al., 1994) . By this method it was possible to perform voltagejump experiments with isolated Na,K-ATPase, which previously had been possible only in whole-cell and giantpatch studies. Analysis of electric currents induced by ATPconcentration and voltage-jump experiments allowed an accurate determination of the dielectric coefficients of the reaction sequence (Na3)E1-P1 -> P-E2(Na3) -> P-E2(Na2) -*P-EA(Na) --> P-E2' (Mannheim, Germany) . Apyrase VI and strophanthidin were purchased from Sigma (Munchen, Germany), and 3-0-(1-(2-nitrophenyl)ethyl)ester ATP ("caged ATP") was purchased from Molecular Probes (Eugene, OR). NaCl (suprapure quality) and all other reagents (at least analytical grade) were from Merck (Darmstadt, Germany).
MATERIALS AND METHODS Materials
Protein preparation Na,K-ATPase was prepared from the outer medulla of rabbit kidneys using procedure C of J0rgensen (1974) . This method yielded purified enzyme in the form of membrane fragments that consisted of flat sheets with a diameter of 0.2-1 gm and contained -0.8 mg phospholipid and 0.2 mg cholesterol per milligram protein . The specific ATPase activity was determined by the pyruvate kinase/lactate dehydrogenase assay (Schwartz et al., 1971) . The protein concentration was determined by the Lowry method (Lowry et al., 1951) , using bovine serum albumin as a standard. For all preparations the specific activity was in the range between 1900 and 2300,umol Piper h and milligram protein at 37°C.
The suspension of Na,K-ATPase-rich membrane fragments (-3 mg protein per ml) in buffer (25 mM imidazole sulfate, pH 7.5, 1 mM EDTA, 10 mg/ml sucrose) was frozen in samples of 100 IlI; in this form the preparation could be stored for several months at -70°C without significant loss of activity. Storage of thawed preparations at +4°C did not affect the activity within a period of 4 weeks.
Membrane experiments
Fast charge translocations in proteins of membrane preparations can be measured by the method of capacitive coupling. When the membrane fragments are adsorbed onto planar lipid bilayers and the ion transport activity is triggered in a synchronized manner, current transients will be observed in the external measuring circuit. This method was applied for example with purple membranes (Drachev et al., 1974; Bamberg et al., 1979) and Na,K-ATPase-containing membrane fragments (Fendler et al., 1985; Borlinghaus et al., 1987) . In the case of bacteriorhodopsin, the transport is activated by light; in the case of the Na,K-ATPase, an ATPconcentration jump is performed by release of ATP from an inactive precursor, caged ATP (Kaplan et al., 1978; McCray et al., 1980) . To obtain the pump current from the externally observed electric signals, a mathematical transformation has to be performed according to the equivalent circuit of the compound membrane system (Borlinghaus et al., 1987; Wuddel, 1994) .
Planar lipid bilayers were formed from 1% diphytanoyl phosphatidylcholine in n-decane, as described previously (Borlinghaus et al., 1987) . A Teflon cell was mounted in a Faraday cage in a thermostated aluminum block. The buffer composition was 30 mM imidazole, 10 mM MgCI2, 1 mM EDTA, pH 7.2 (HCI), and specified concentrations of NaCl. If not mentioned otherwise, the temperature was 20°C. The potential across the bilayer was detected by Ag/AgCl electrodes, which were embedded in agar gel that was stained with black ink to shield the electrodes against straylight artifacts. A membrane was formed across a hole of 1 mm diameter in the wall between the front (trans) and back (cis) compartment, and it was illuminated and observed through quartz windows in the trans compartment. Ultraviolet light from a flash bulb with known intensity profile passed a cutoff filter (Schott UG 11, 1 mm) and was focused on the membrane. The cis compartment, which had a volume of approximately 300 ,ul, was equipped with a small magnetic stirrer. The buffer contained, if not indicated otherwise, 30 mM imidazole, 10 mM MgCI2, 1 mM EDTA, 20 mM dithiothreitol, and the indicated amount of NaCl (pH 7.2). After a bilayer was formed, 250 ,uM caged ATP, 0.4 U apyrase, and 50 ,ug/ml membrane fragments were added to the cis side, followed by 1 min of smooth stirring. Membrane fragments adsorbed to the lipid bilayer with a time constant of several minutes. The properties of the compound membrane system were studied systematically. The kinetics of the measured signals under otherwise constant conditions depended neither on the number of adsorbed membrane fragments nor on the duration of the experiment. Only the signal amplitude, which is expected to be proportional to the number of capacitively coupled ion pumps, varied. It was shown previously that only fragments adsorbed with their extracellular phase to the bilayer contributed to the observed electric signals (Borlinghaus et al., 1987) . The cleft between membrane fragments and lipid bilayer contained a limited aqueous volume with a restricted access to the bulk buffer phase (Borlinghaus et al., 1987; Wuddel, 1994) . The specific access conductance Gp was typically 2 * 158 10-7 s/cm2. The Na+ concentration in the cleft was determined to be 55-60% of the bulk phase (Wuddel, 1994) .
The earliest experiments were performed 10 min after addition of the fragments. Typical lifetimes of the coupled membrane systems were 120 min. During this time the amplitude of the observed signals changed slowly, but their kinetics did not. Charge movements within the ion pumps in the membrane fragments could be detected as changes in the transmembrane electric voltage by the principle of capacitive coupling, as discussed previously (Borlinghaus et al., 1987; Wuddel, 1994) . Voltage traces were detected by a voltage amplifier on the basis of an operational amplifier with an input impedance of 1012 Ql (Burr Brown 3528) and were recorded by a digital oscilloscope (Nicolet, model 4094A) upon the trigger of a 40-gs UV flash or a charge pulse (Wuddel, 1994) . Data were transferred to a personal computer for analysis.
Charge-pulse induced relaxations
An electronic setup was used, as represented in Fig. 2 , to charge up the membrane-protein system in a few microseconds. A. A pulse generator (Philips PM 5715, Rohde & Schwarz, Karlsruhe, Germany) generated a rectangular pulse of a length of 1-10 ps with an amplitude of 1 V and charged up the membrane capacity via a transistor (2N918) implemented as a transdiode. In parallel to the membrane conductance, a shunt conductance of 57 Gfl as well as a short-circuit switch and an adjustable current source were connected to compensate for offset voltages. The trans electrode was clamped to ground. Two different types of charge-pulse experiments were performed.
In the first type of experiment, charge pulse and light flash that induced an ATP concentration jump were triggered simultaneously. They were used to determine the voltage dependence of current transients induced by an ATP-concentration jump. As the time to charge up the membrane, tQ 1 ,us, was much faster than the release of ATP (m/2 = 4.6 ms at pH 7.2), the activation of the pump currents occurred in the presence of a membrane voltage. The time resolution of these experiments was limited by the kinetics of ATP release. The experiments were performed in a sequence, as shown in Fig. 3 A. The charge pulse protocol (charging up in 1 ps, holding of the membrane voltage for 2 s, discharging in <1 ms) was performed three times with a recovery time of 60 s in between: twice without light flash, to produce reference signals, and the third time with the light flash. When there was no difference between the two reference signals, the difference between the third signal and reference 2 was collected as pump current-induced electric signal. Discharging the membrane after 2 s prolonged the life time of the membrane system significantly.
The second type of charge-pulse experiments was used to perform voltage-jump experiments (Fig. 3 B) . Correspondingly, as in experiments of type 1, two reference signals were obtained in the absence of ATP; the ATP was then released by light flash. After a period of 4 s, when the pumps were in a quasi-stationary phosphorylated state, the voltage jump was applied by another charge pulse. In this type of experiment, the third signal was again evaluated when no difference was found between reference signals 1 and 2. The difference between the third signal and reference 2 FIGURE 2 (A) Electronic setup of the charge-pulse experiments with capacitively coupled membrane fragments. The membrane system is simplified to a membrane capacitance, Cm, and membrane conductance, Gm. (B) The equivalent circuit of the compound membrane system consisting of a black lipid membrane with adsorbed Na,K-ATPase membrane fragments as discussed in a previous paper (adapted from Borlinghaus et al., 1987 Length and amplitude of the current pulse, which was used to charge up the membrane system, had to be chosen in a way so that the membrane voltage reached the desired voltage. The time constant was controlled by the capacity of the membrane system and serial resistance of electrodes and electrolyte. In the case of a 0.1-M electrolyte, we found T = 1.6 nF 158 -200 Qi = 0.32 ,us. Therefore pulses with a duration of >1 ,us maintained a defined membrane voltage. At the end of the current pulse, the total voltage was distributed according to the capacities of the membranes ( Cf +Cb where U, Uf, and Ub are the voltages generated by the charge pulse across the membrane system, the fragments, and the bilayer, respectively. Cf and Cb are the specific capacities of fragments and bilayer. The voltage drop across the membrane fragments can be estimated with the known capacitances Cf = 0.37 &F/cm2 and Cb = 1 tuF/cm2 (Benz and Janko, 1976) Membrane voltages of U = 150 mV, which allowed the performance of experiments without a reasonable risk of breaking the membrane, thus produced an effective voltage of -40 mV across the Na,K-ATPase. The voltages Uf and Ub dropped as a complex function of the capacities and the conductances across the membranes, Gf and Gb. Typical time constants obtained for the bilayer (Tb) were 40 s and for the membrane fragments (Tf) were 4.5 s (Wuddel, 1994) . The consequence is that only the processes, which occur within the first 100 ms, can be assumed to be exposed to the full voltage (AUf S 5%). The sign of the voltage was defined as the potential of the cis relative to the trans compartment. With respect to the Na,K-ATPase in the membrane fragments adsorbed to the bilayer, the sign of the voltage corresponded to a cytoplasmic potential.
RESULTS
In the absence of K+ ions and in the presence of Na+ concentrations >20 mM, the reaction sequence of the Na,K-ATPase is confined to the scheme presented in Fig. 4 . Upon addition of ATP (by release from the inert caged ATP), the enzyme is phosphorylated from its initial state Na3E1 to (Na3)E1-P and subsequently undergoes a conformational transition into its other major conformation, E2. As the return reaction into states of E1 (dashed lines in Fig. 4 ) is very slow, the distribution in the new stationary state depends on the (extracellular) Na+ concentration. In the presence of 20 mM Na+, 95% of the enzyme will be in a phosphorylated state of E2 without a Na+ ion bound, P-E2; in the presence of 1 M Na+, 85% of the pumps will remain in state (Na3)EB-P, as can be calculated with the model presented in the Appendix (Wuddel, 1994) . Effects of the cardiotonic steroid, strophanthidin, a specific inhibitor of the Na,K-ATPase, were investigated previously, whereby the reaction sequence (Na3)E1-P -> P-E2(Na2) was found to move three-to fourfold the amount of charge through the membrane dielectric as compared to the subsequent release of the other two Na+ ions, P-E2(Na2) -> P-E2 (Sturmer and Apell, 1992; Heyse et al., 1994) . To obtain additional information on the dielectric coefficients of the whole reaction sequence, (Na3)E1-P -> * -* P-E2, (Borlinghaus and Apell, 1988) . The result of a typical experiment is shown in Fig. 5 A. This series of experiments was performed many times with different membranes and protein preparations to confirm its reproducibility. In addition to 150 mM NaCl, these experiments were also carried out in 20 mM (Fig. 5 B) , 500 mM, and 1000 mM NaCl (Fig. 5 C) .
In the whole concentration range of Na+, the maximum amplitude of the current transient was influenced by positive or negative membrane voltages. Positive membrane potentials always produced larger peak currents, Ipeak' a larger total transferred charge, Q, (Fig. 6 A) , and increased steady-state currents, I4O (Fig. 6 B) . The rise time of the current transient did not depend significantly on the membrane potential but on the release kinetics of ATP from caged ATP (manuscript in preparation). Furthermore, the time constant characterizing the relaxation of the current transient, 1/kl, which could be assigned mainly to the conformational transition (Na3)E1-P -> ... -> P-E2(Na3), turned out to be hardly voltage sensitive (Fig. 6 C) . These observations are in agreement with a transport of positive ions from the cis compartment toward the supporting bilayer and positive electrogenic coefficient in the reaction sequence.
Voltage-dependent relaxations between phosphorylated states of E2 Nakao and Gadsby (1986) performed voltage-induced current-relaxation experiments with the Na,K-ATPase. They detected strophanthidin-sensitive current transients upon voltage jumps from a resting potential of -40 mV to voltages between -120 mV and +80 mV. This type of experiment could be repeated by charge-pulse experiments of the second type, in which ATP was released from its caged precursor and a voltage jump was applied across the membrane system after a steady state was reached. In this ATP-induced enzyme phosphorylation initiated a subsequent current transient with membrane potential-dependent maximum amplitudes and kinetics. By using the charge-pulse method, the membranes could be charged up within 1-2 p,s at time t = 0. The voltages of ± 150 mV across the compound membrane (Fig. 2 B) corresponded to voltages of ± 40 mV across the Na,K-ATPase-containing membrane fragments. The current signals are averages over three successive experiments with the same membrane. The temperature was 20°C. The solid lines represent experimental data; the dotted lines are simulations, as explained in the Discussion section.
steady state there exists a dynamic equilibrium between the states (Na3)E1-P <-> P-E2(Na3) <--P-E2Na2 *-> P-E2Na <-* P-E2. On the one hand, the distribution of the pumps be- Fig. 7 . The externally applied voltage of 120 mV corresponded to a voltage of 32 mV across the Na,K-ATPase-containing membrane fragments. The fast components of the signal contained information about the extracellular Na+ release. The increase of charge in the time range >100 ms ( Fig. 7 C) is produced by the steady-state current of the pump, I, in the electrogenic Na-Na exchange mode of the pump (Glynn, 1985) . It is clearly visible that I,, is voltage-dependent. I4,, is smaller when the three Na+ ions in the first half-cycle are transferred against the membrane potential (-120 mV) than with the membrane potential (Fig. 7C) . The rebound of the charge trace for negative voltages during the time frame of 10-30 ms was caused by turnovers subsequent to the voltage-jump induced relaxation process (Fig. 7 B) . This complex behavior was qualitatively reproduced by numerical simulations of the proposed pump cycle (see below). As controls, these experiments were repeated in the absence of ATP. No significant charge movements could be detected (data not shown). Experiments with strophanthidin-inhibited enzyme could not be performed successfully because the membrane stability after addition of the ethanolic solution of the inhibitor decreased dramatically in chargepulse experiments.
The fastest charge movements were assigned to the (electrogenic) ion-binding and release steps. The kinetics of these fast processes were investigated as a function of the Na+ concentration. In Fig. 8 , the initial charge movement upon a voltage jump of ± 120 mV is represented as a function of the Na+ concentration. The sample rate was 1 per ,us, and 3 to 10 voltage-jump experiments were averaged per trace in Fig. 8 
Numerical simulations
The pump-current transients and derived quantities were simulated on the basis of two reaction models, one as introduced by Heyse et al. (1994) (Fig. 9 A) , the other as shown in Fig. 9 (Fig. 9 B) with the additional state, P-E2(Na3), as proposed recently by Hilgemann (1994) , which allowed the separation of the rate-limiting conformational change, (Na3)E1-P --P-E2(Na3), and a faster release of the first Na+ ion P-E2(Na3) -> P-E2(Na2) with a different electrogenicity.
Details of the simulation procedure are given in the Appendix. A consistent description with an acceptable reproduction of all experiments could be performed with the expanded model by using the parameters published by Heyse et al. (1994) for the same source of protein.
Modifications were introduced only because of the implementation of the additional state, P-E2(Na3), and for the ion release steps on the extracellular side of the protein, which were not resolved before. The rate constants and dielectric coefficients of the electrogenic reaction steps of the pump cycle, Na2E, <-> Na3E1 and (Na3)E1-P <-> P-E2(Na3) <-> P-E2(Na2) <-> P-E2(Na) *-> P-E2, (Fig. 9 B) Gadsby, 1986, 1989; Lauger and Apell, 1988; Borlinghaus et al., 1987; Rakowski et al., 1991; Sturmer et al., 1991; Vasilets et al., 1991; Sturmer and Apell, 1992; Gadsby et al., 1993; Sagar and Rakowski, 1994; Hilgemann, 1994; Heyse et al., 1994 compared with other partial reactions of the pump cycle. So far, the only kinetic analysis of the reaction sequence (Na3)E1-P *-P-E2(Na3) *-> P-E2(Na2) * P-E2(Na) <-+ P-E2
has been published by Hilgemann (1994) , who applied the giant patch method at 37°C to membranes containing Na,K-ATPase from guinea pig myocytes. (1994) and the findings in this presentation.
The introduction of the charge-pulse technique to adsorbed membrane fragments containing Na,K-ATPase allowed an increase of the time resolution compared with ATP concentration-jump experiments from -5 ms to >1 ,us. An additional advantage of this method was that it selectively addressed electrogenic reactions of the Na,K-ATPase. A disadvantage was the complex analysis of the coupled bilayer and membrane-fragment system. In addition to the mathematical formalism, a determination of the parameters Gf and Gb was necessary for quantitative analyses (Fig. 2 B) . In addition, current components of the passive membrane system, which were induced by the charge-pulse, were detected and had to be subtracted to obtain the pump-induced contributions (Fig. 3) . The rate constants (n3f, If, g3f, g2f, g1f) and equilibrium constants (Kn3, Kl, Kg3, K2f, Klf) were determined at T = 20°C. These numbers were used in all numerical simulations presented in this paper, according to the pump cycle of Fig. 9 B. * Binding of the third Na+ ion to the cytoplasmic side could not be analyzed by the presented experimental method. The applied values were taken from Heyse et al. (1994) . a = 0.25 fulfills well the boundary condition that one Na+ ion is transported in the electrogenic Na/Na-exchange mode.
* Because of the low electrogenicity of the conformational change, a rather wide range of the equilibrium constant, K1, was found in different experiments.
Although the forward rate constant, If, as the rate-limiting step could be determined accurately, most experiments were not significantly sensitive to the back reaction rate, lb. With K1 = 0.1, a consistent description of all experiments was possible.
Another principal problem in understanding the electrogenicity consists in the complexity of the pump itself. Even in the Na-only mode, at least 11 reaction steps can be identified (see Appendix), partly electrogenic and partly electroneutral, and it is not possible to confine the externally triggered pump action to a single step. A certain selection of partial reaction is possible by variation of the Na+ concentration and adjustment of the time range in which observations were made. The strategy was to describe the experimental observations with as simple a model as possible. To determine the contributions of the different electrogenic reaction steps, we used the analysis-by-model simulations according to Fig. 9 B, with the restriction that one set of parameters had to fit all (or most) of the experiments. Such a set was found on the basis of the numbers published recently (Heyse et al., 1994) , with the modifications and extensions given in Table 1 . A crucial concern is the uniqueness of the determined set of parameters. Arguments for the reliability of the procedure and the parameters are the following: 1) Many of the parameters known from the literature are determined by different approaches. They were fixed to the known values or modified only slightly.
2) The influence of single parameters on shape or amplitude of experimental signals is usually very specific, and the possibilities of other parameters to compensate this effect are only limited.
3) The set of parameters was built up iteratively. Each set of new experiments, which had to be modeled by the simulation procedure, could introduce only modifications that conserved the reproduction of earlier experiments. 4) For each parameter a range of confidence was introduced, which indicates the uncertainty of the "fit."
Kinetic and dielectric characterization of the Na+ translocation In its E1 conformation the Na,K-ATPase can bind three Na+ ions from the cytoplasmic side. Two ions are bound to negatively charged sites that are placed in the electric surface of the protein. These sites are assumed to be the same to which K+ ions also bind (Lauger, 1991) . From experiments with the voltage-sensitive fluorescence dye RH 421, it has been interpreted to mean that binding of one Na+ to the third uncharged site is electrogenic (Heyse et al., 1994, Schulz and Apell, 1995) . The charge-pulse relaxation method applied in this paper allowed an estimation in agreement with the fluorescence experiments that the binding process is fast (n3f 2 106 M-1 s-1) and electrogenic (a ' 0.25). ATP binding and phosphorylation of the enzyme, Na3El -> Na3ElATP --(Na3)EI-P, are electroneutral steps and were accounted for with parameters comparable to those published recently (Heyse et a., 1994) : af = 3.5 158
Rate-limiting conformational change and release of the first Na+ ion are distinct steps From the literature it is known that the transition (Na3)E1-P -> P-E2 contains the rate-limiting and major charge-translocating step (Forbush, 1984; Lauger et al., 1991; Heyse et al., 1994) . Utilizing the specific action of the inhibitor strophanthidin, Stiirmer and Apell (1992) found evidence for at least two electrogenic partial reactions, (Na3)E1-P -> P-E2Na2 and P-E2Na2 --P-E2. Experiments in which the amount of transferred charge was measured in the presence and absence of strophanthidin allowed the determination of the corresponding dielectric coefficients, 0.75 for (Na3)E,-P -> P-E2(Na2) and 0.2-0.4 for P-E2(Na2) --P-E2 (Heyse et al., 1994) .
By charge-pulse experiments, the kinetics of pump-current transient could be measured and analyzed as a function of the membrane potential . A simulation of these experiments with the simpler model of Fig. 9 A, in which the rate-limiting and major electrogenic reaction step are the same, failed to reproduce the time-resolved measurements. The following experimental findings were in contradiction to the assumption that the major electrogenic step is rate-limiting.
1. In the presence of Na+ concentrations >1 M, the amplitude of the pump-current transient was increased after the addition of strophanthidin , as shown in Fig. 10 . A simulation of the transients in the presence of inhibitor was not possible under the assumption that the electrogenic step was rate-limiting (simulation 2 in Fig. 10) . Introduction of the reaction (Na3)E1-P -> P-E2(Na3) as a rate-limiting step with an equilibrium constant K1 = 0.1 and low electrogenicity followed by a fast step with a large charge movement allowed a qualitative reproduction of the experimental observation (simulation 3 in Fig. 10 ).
2. The relaxation rate k1 of the ATP-induced current transients, which was mainly controlled by the rate-limiting process, showed no significant voltage dependence (Fig. 6  C) . This observation cannot be reproduced by the simpler model of Fig. 9 A, in which the rate-limiting step has a dielectric coefficient of 0.75.
3. The voltage-induced current transients, which were measured at high time resolution (Fig. 8) , had relaxation rates of the same order of magnitude (3500 s-1-8000 s-1) over the whole concentration range between 20 mM and 1 M. In this range the release of each of the three Na+ ions was covered by appropriate concentrations, and all ions were released quickly. In the simpler model (Fig. 9 A) , the release of the "first" ion would be included in the ratelimiting step. Under this condition the fast ion release could ments of type 1 at 2 M NaCl. At this high Na+ concen-not be reproduced in the presence of Na+ >500 mM. FIGURE 10 Pump-current transient induced by an ATP concentration jump in the presence and absence of the specific inhibitor strophanthidin (stroph.) in the buffer containing 2 M NaCl. In the absence of the inhibitor, only a small transient could be found. After addition of 1 mM strophanthidin, a significant increase was observed, caused by the inhibitor-induced continuation of the reaction (Na3)E1-P -* [ P-E2(Na3) -i.] P-E2(Na2) -* P-E2(Na2)stroph, which contained the major electrogenic step (Wuddel et al., 1994) . Simulations were performed for several conditions in the absence of stroph. (simul. 1), in which no discrimination was observed between both models of Fig. 9 . In the presence of strophanthidin, simulations were different for both models: simul. 2 according to the model of Fig. 9 A and simul. 3 according to Fig. 9 B.
Both models of Fig. 9 were also applied to results of the voltage-jump experiments, with cardiac myocytes performed by Nakao and Gadsby (1986) . To simulate their experiments, the rate constants had to be adapted to the temperature of 36°C. We accounted for this elevated temperature by multiplying all rate constants by a factor of 5 (which corresponds to an average activation energy of 75 kJ/mol). In Fig. 11 the original data of the voltage-dependent charge movement and relaxation behavior were compared with simulations of both models. Although the transferred charge, Q, was similarly well reproduced by both models, the relaxation rate constant, k, could be described only by the extended reaction sequence of Fig. 9 B, (Na3)E1-P *-> P-E2(Na3) <--P-E2(Na2) *-> P-E2(Na) *-* P-E2.
The voltage independence of the relaxation rate for holding potentials V > 0 could be obtained only by K1 = 0.1 and go < 0.1.
All of these findings corroborate the extended reaction sequence of Fig. 9 B as the adequate model for the sodium pathway of the Na,K-ATPase.
Release of the second and third Na+ ion on the extracellular side By making use of the specific action of strophanthidin, Heyse et al. (1994) were able to separate the dielectric properties of the partial reactions (Na3)E1-P *-* P-E2 (Na2) and P-E2(Na2) *-> P-E2. For release of the second and third Na+ ion they determined dielectric coefficients 8, = 0.1. These numbers were confirmed in the framework of this study (Table 1) . Charge-pulse experiments of type 2 could be used to determine voltage jump-induced charge movements in the Na,K-ATPase. This technique was used to analyze the kinetics of the Na+ release (Figs. 7 and 8) . (Table 1) were in good agreement with the findings of Heyse et al. (1994) . In their work, the Na+-release rates could be estimated only indirectly by K+-strophanthidin antagonism experiments, and the rates were proposed to be : 5000 s-1. The discrepancy may be explained by their indirect reasoning.
The decreasing relaxation amplitude for Na+ concentrations >150 mM for negative voltage jumps can be attributed to increasing occupancy of state P-E2(Na3) with rising Na+ concentrations, as has been checked by numerical simulations. Because of the fact that the reaction step P-E2(Na3) -> (Na3)E1-P is only slightly electrogenic, pump molecules, which are in state P-E2(Na3) before the voltage jump, will no longer contribute significantly to the relaxation current.
Refined electrostatic model of the Na,K-ATPase By comparison of the numerical simulations of the extended pump cycle in Fig. 9 B with all of the available experiments, an electrostatic model of the Na,K-ATPase can be proposed on the basis of the Post-Albers cycle, as shown in Fig. 12 . This model is evolved from a recently published one (Heyse et al., 1994) and characterizes the kinetic and dielectric properties of the Na,K-pump known so far. 2. The subsequent conformational change is slow and of low electrogenicity (I3 = 0.1). Therefore the Na+ ion bound to the neutral binding site can be hardly moved perpendicular to the plane of membrane.
3. The major electrogenic process is the fast release of the first Na+ ion to the extracellular side (60 = 0.65), most probably from the neutral site (Heyse et al., 1994) . Because of the principle of microscopic reversibility, two rate constants were determined by the reaction cycles (e.g., Pb and rb, which are both difficult to obtain from experiments) (Lauger, 1991; Wuddel, 1994) . Inasmuch as the kinetics of ATP release from caged ATP was in the time domain of the transport processes of interest, it had to be taken into account according to published findings (McCray et al, 1980; Borlinghaus and Apell, 1988) CT ( To determine the initial conditions of the system differential equations, the solution of the linear equations x; = 0 (i = 1, ... 11) was solved with the substrate and voltage conditions before the experiment. A unique solution was found with the boundary condition X xi = 1.
A modified Runge-Kutta algorithm was used to calculate the time- 
